The interaction of calf thymus histone HI with homologous and heterologous DNA has been studied at different ionic strengths. It has been found that about 0.5 M NaCl histone HI, and its fragments N-Hl (residues 1-72) and C-Hl (residues 73-C terminal), precipitate selectively a small fraction of calf thymus DNA. This selective precipitation is preserved up to very high values (>2.0) of the input histone Hl/DNA ratio. The percentage of DNA insolubilized by histone HI under these ionic conditions is dependent upon the molecular weight of the nucleic acid, diminishing from 18% for a ^ = 1.0 x 10 daltons to 5% for a M = 8.0 x 10 4 daltons. The base composition of the precipitated DNA is similar to that of the bulk DNA. Calf thymus histone Hi also selectively precipitates a fraction of DNA from other eukaryotes (herring, trout) , but not from some prokaryotes (E_. coli, phage X) . On the other hand, at 0.5 M NaCl, the whole calf thymus DNA (but not E. coli DNA) presents a limited number of binding sites for histone HI, the saturation ratio histone Hi bound/total DNA being similar to that found in chromatin. A similar behaviour is observed for the histone HI fragments, N-Hl and C-Hl, which bind to DNA in complementary saturation ratios. It is suggested that in eukaryotic organisms histone HI molecules maintain specific interactions with certain DNA sequences. A fraction of such specific complexes could act as nucleation points for the high-order levels of chromatin organization.
INTRODUCTION
It appears to be well established that HI histones have an extranucleosomal location and function (1, 2, 33) showing important differences with the four histones (H2A, H2B, H3 and H4) that constitute the protein core on which DNA coils to form nucleosomes (3). Thus, unlike other histones, and besides their distinct location in chromatin. Hi histones present a high sequence variability in different species (4, 5) , and preferential interaction with nucleic acids rich in A-T bases (6), satellite DNAs (7) or supercoiled DNA (8). All these properties could be related to a possible role of HI in the spatial distribution of nucleosomes, collaborating on the higher organization levels of eukaryotic chromatin (1,2,9,10), plausibly through specific interactions with DNA. However, at present, the experimental evidence about any specific inter-action between histone HI and MIA is still inadequate (11) and in some aspects contradictory (12). This could be due to the low ionic strength (less than, 0.15 -0.2 M) at which most of the studies on the complexes of both biomolecules have been performed. Under these conditions, the strong electrostatic forces present, and the large insolubility of the complexes, could hide any specificity in the Hl-DNA binding.
In the present work, the interaction between intact histone Hi from calf thymus, or its N-Hl (residues 1-72) and C-Hl (residues 73-C terminal) fragments with homologous and heterologous DNAs, has been studied mainly at 0.5 M NaCl (pH 7.0). At such ionic strength, a little below that of the total dissociation of Hl-DNA complex (13) , part of the eukaryotic DNA tested is selectively precipitated by HI, the relative amount of bound protein/total DNA being similar to that found in chromatin (14). This selective precipitation and limited binding is not observed with prokaryotic DNA.
MATERIALS AND METHODS
Histone Hi was prepared from calf thymus by the usual methods reported by Johns (15) and purified by CM-cellulose chromatography (15) . N-Hl and C-Hl fragments were obtained by histone Hi cleavage with N-bromosuccinimide (16) and separated as previously described (17).
Calf thymus DNA was isolated free of protein and RNA, according to Marmur (18) . Low molecular weight DNA was prepared by sonication (17). Salmon testes, herring sperm, E_. coli, and phage X DNA (from Sigma Chemical Co.) were also used. All DNA samples were characterized by sedimentation analysis and UV alkaline hyperchromicity.
The complexes of DNA with histone HI or its fragments were prepared by direct mixing of both component solutions previously equilibrated at the final salt concentration with NaCl and buffered with 1 mM phosphate (pH 7.0).
The protein solution was slowly added dropwise to the DNA solution at room temperature (25°C) with gentle stirring, and the complex was stored for 16 h in a cold room (4°C) before it was studied. The final DNA concentration in the complexes was 20 yg/ml in all samples.
Sedimentation studies were carried out in a Beckman model E analytical ultracentrifuge provided with a IJV scanner. Density distribution of DNA fractions was studied in CsCl gradients (19) . DNA solubility in the complexes was estimated by UV spectroscopy after 15 min centrifugation at 25,000 g, at 4°C.
In a few cases the DNA remaining in the supernatant after precipitation by histone HI was deproteinised by repeated centrifugation in 2 M NaCl (pH 7.0) at 130,000 g for 24 h, recovered from the pellet and used for new precipitation experiments.
Free and bound histone HI or its fragments were evaluated by fluorimetry using a fluorescamin (Fluoran, Roche) assay (20), in a Perkin-Elmer MPF-3 spectrofluorometer. Fluorescence was measured in a 0.1 M borate buffer (pH 9.0) and 1.4 M NaCl (or 0.5% sodium dodecyl sulphate) to dissociate the Hl-DNA complex when DNA was present.
RESULTS
The effect of salt concentration on the solubility of DNA in Hl-DNA complexes formed at a constant weight ratio (r) Hl/DNA = 0.5, has been studied in the range 0-1 M NaCl, for eukaryotic and prokaryotic DNA (Fig. 1) . For all DNA samples tested (calf thymus, salmon testes, herring sperm, E_. coli and phage X)» the solubility of DNA in the complexes with histone HI decreases when salt concentration is increased to 0.2-0.35 M NaCl, where minimum solubility values are observed. A rapid increase in the percentage of soluble DNA is evident when the salt concentration is further increased to 0.5 M NaCl. From these ionic conditions to 1 M NaCl, the solubility increases smoothly, but the behaviour is different for complexes of eukaryotic or prokaryotic DNA, as shown in Fig. 1 1.0 M NaCl Moreover, when a histone Hl-eukaryotic DNA complex 0.5/1 (w/w), at 0.5 M NaCl, was centrifuged for 15 min at 25,000 g and the supernatant DNA was recovered and freed of protein, the new complexes prepared with this "soluble" DNA and histone HI did not show the step already described in their solubility curve.
In addition, the solubility of these new complexes is much greater than that of the previous complexes with total DNA already reaching a 100% solubility at 0.5 M NaCl. These results indicate the existence of a fraction of total DNA with a special ability to precipitate when complexed with histone HI. No important molecular weight differences were found between total DNA, soluble DNA and precipitated DNA, which could account for the different solubility of their complexes, as already reported at lower ionic strengths (17). Besides that, the solubility curve of Hl-eukaryotic DNA was not essentially changed when sonicated DNA (M = 2.5 x 10 to 6 x 10 daltons) was used instead of W 7 native DNA (M = 1.2 x 10 daltons).
The effect of Hl/DNA ratio on the solubility of DNA at a constant salt concentration shows a different behaviour which is dependent on the ionic strength at which the complexes are formed. At 0.14 M, 0.3 M and even at 0.4 M NaCl, the percentage of soluble DNA in Hl/DNA complexes decreases steadily as the ratio Hl/DNA, r, increases to values higher than 1, at which point nearly all the DNA is precipitated (data not shown). However, in 0.5 M NaCl and for calf thymus DNA, only a small percentage of total DNA, (15-20%), is insolubilized by histone HI at low values of r, and the amount of DNA precipitated remains constant in spite of the increase in the relative amount of histone, up to values as high as 2.0 ( Fig. 2A) , and even much larger. A very similar behaviour is observed in the complexes of histone HI fragments, C-Hl and N-Hl, but in these cases, the amount of nucleic acid selectively precipitated is 15% and 5%, respectively. On the other hand, if a different basic protein like calf thymus histone H3 is used instead of histone H I , a monotonic precipitation of DNA is observed concomitantly to the increase in the H3/DNA ratio, and a full precipitation is reached at a 2.0 ratio. This behaviour stresses the selective character of histone HI binding to certain fragments of DNA.
The percentage of insolubilized DNA by histone HI is clearly dependent upon its molecular weight, ranging from 10 to 10 daltons. Nevertheless, the ratio Hl/DNA at which maximum precipitation appears, is the same for DNA frag- Bouyant density studies in CsCl gradients were carried out for whole calf thymus DNA and for the calf thymus DNA fraction selectively precipitated by histone HI at 0.5 M NaCl (results not shown). The density distribution of the molecular species of both nucleic acid samples was found to be complex and very similar (+ 0.0005 g/cm 3 ). This result indicates that both DNA have a similar mean base composition, and hence, the DNA selectively precipitated by histone HI is not a satellite DNA, most of which show a higher G-C content than the main DNA in calf thymus (21,22).
Quantitative determination of free and bound protein in DNA complexes with histone HI or its N-Hl and C-Hl fragments, at different relative amounts of both components, in 0.5 M NaCl, were performed by a fluorescamine assay (see Methods) on the above complexes and their remaining supernatants after sedimentation of all DNA by centrifugation at 130,000 g, 22 h. For calf thymus DNA, it was found that at low histone Hl/DNA ratio, all the added protein co-sedimented with DNA in spite of the large differences of sedimentation coefficients between both macromolecules, and therefore, it could be assumed that binding occurs. However, when the input ratio is increased beyond 0.25, no more histone binds to the nucleic acid (see Fig. 3 ). Along this range of initial composition of total DNA 
DISCUSSION
The results above described suggest the existence of specific interactions between calf thymus histone HI and eukaryotic DNA at two different levels.
First of all, at 0.5 M NaCl histone HI precipitates selectively some DNA fractions from its homologous or from other eukaryotic DNA. The average base composition, molecular weight and histone HI binding ability of these selected DNA fractions are similar to those of the rest of DNA, and the selective precipitation is preserved even after the addition of large amounts of histone HI. Moreover, this selective precipitation is not apparent when some prokaryotic DNA are used instead of eukaryotic DNA. The selective character of the above precipitation seems, therefore, to be much greater, and somewhat different, than in similar phenomena already observed by other authors (6, 7, 11, 17) at a lower salt concentration, 0.15 -0.2 M NaCl. Under these ionic conditions, it has been found that histone HI binds and aggregates preferentially certain fractions of DNA such as A-T rich fractions (6), satellite DNA (7), or higher molecular weight DNA (11, 17) . However, these preferences are only observed at very low histone Hl/DNA ratios, and are completely masked by the insolubilization of bulk DNA when the ratio is increased.
The preferential binding of histone HI to certain DNA fractions and their simultaneous precipitation, at 0.15 -0.2 M NaCl, has been proposed as being due to the different ability of distinct DNA sequences to fold and aggregate when histone HI binds to them ( 6 ) , an event which would promote a further cooperative binding of the histone. It has also been explained by the existence of DNA regions containing some nucleotide sequences with high affinity for histone HI (7). The former hypothesis could also partially explain certain properties of the Hl/DNA complexes at 0.5 M NaCl. Thus, the low stiffness and interchain repulsion displayed by DNA molecules at this ionic strength could permit, even at low histone Hl/DNA ratios, the aggregation of DNA fragments containing certain nucleotide sequences with a great ability to fold. However, without the existence of a specific recognition of these sequences by histone HI, the very selective precipitation of DNA cannot easity be explained.
On the other hand, our results show that, at 0.5 M NaCl, the whole naked eukaryotic DNA presents a limited number of binding sites for histone HI. The saturation ratio of histone HI bound to total DNA is found to be 0.21 at high values of input histone HI. This value is far from the electrostatic equivalence ratio between both macromolecules, and indicates that a large number of DNA phosphate groups do not contribute to the interaction with histone HI, assuming that electrostatic forces are involved in the DNA-histone HI complex.
The above ratio i s , however, close to that found in eukaryotic chromatin (3, 14) , and isolated nucleosomes (23). In addition, eukaryotic DNA also shows a limited binding capacity for the histone HI fragments, N-Hl and C-Hl, the respective ratio of their complexes being 0.07 and 0.16, which correspond to their weight fraction in the intact histone. These results suggest the existence of specific and independent binding sites for the N-and C-terminal segments of histone HI on the eukaryotic DNA. The absence of a limited capacity for binding histone HI in the prokaryotic DNA from E. coli, an organism which seems to lack histone H I , favors the above hypothesis. On the basis of this hypothesis, it follows that the central globular structure of histone HI does not essentially contribute to the specific binding with DNA, since the globularity is lost when histone HI is fragmented.
Other authors have already found evidence of specific interaction between histone HI and DNA (11, 25) . Nevertheless, the lower ionic strength used in their work probably increases the appearance of unspecific electrostatic binding forces between DNA and histone HI, giving rise to the massive precipitation of their complexes (even at low histone Hl/DNA ratios) which obscure the study and quantitation of the specific binding. Moreover, it has also been pointed out (6,26) that any search for specific interactions between both macromolecules should preferentially be carried out on their soluble complexes, otherwise the formation of a complex coacervate aggregated phase could lead to misleading interpretations. The use of ionic conditions around 0.5 M NaCl or similar, at which the major part of the Hl-DNA complexes are soluble and near their dissociation point, seems therefore an appropriate choice for a further characterization of them.
Much more work has to be done to clearly prove and clarify our hypothesis, especially if its important possible influence on the present view of chromatin structure is to be envisaged. Thus, in a recent work (23), it has been reported that nucleosomes present one strong binding site for histone HI per 190 b.p. nucleosomal DNA. This distribution value is close to that which could be deduced from our results on naked DNA (from a saturation ratio Hl/DNA of 0.21 w / w ) , assuming a homogenous repeated allocation of histone HI binding sites along DNA. Both results taken together could imply that the specific binding sites for histone HI in chromatin are linearly specified on DNA more than in its folding, due to chromatin nucleosomal substructure, although the latter is the most plausible hypothesis for the time being (27) . Similarly, the verification of specific interactions between histone HI and DNA should influence the current hypothesis on the nucleosome location and repetitiveness (3, 28) and nucleosome sliding (29,30).
Finally, in spite of its apparent simplicity, the possibility could be kept in mind that the folding of the distinct DNA regions of chromatin bound to HI could partially be controlled by their nucleotide sequence and by the ionic conditions of their environment in different stages of the cell cycle.
Thus, if, as it seems to be the case for mammals (31, 32) , the ionic strength at the interphase eukaryotic nucleus is close to 0.5 (in contrast to 0.15 as a supposed working value for cytosol), the specific binding of histone HI to certain DNA regions with a major ability to fold could produce nucleation points for the chromatin condensation. This condensation would be promoted by the breakage of the nuclear membrane at the beginning of mitosis and the presumably concomitant decrease in ionic strength in the chromatin environment.
for its preparation.
